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The littoral zone of a lake comprises a biogeochemically active, terrestrial-aquatic interface 
where carbon dioxide (CO2) and methane (CH4) are exchanged with the atmosphere, and or-
ganic carbon is transferred to the lake. To study littoral CO2 fluxes and their controls, and to 
complete annual estimates for the littoral CO2 and CH4 fluxes, ecosystem-atmosphere carbon 
gas exchange was measured using the chamber technique at five lakes of varying trophic 
status in eastern Finland. Annual lake-wide estimates, including the littoral and pelagic zones, 
were calculated for two of the lakes: a eutrophic and a humic lake. The seasonal dynamics of 
CO2 exchange and its component fluxes – gross photosynthesis, ecosystem respiration, and 
net ecosystem exchange (NEE) – were reconstructed using regression models and hourly time 
series of environmental data for various moisture and vegetation zones. The changes in 
phenology of the littoral vegetation and water level were identified as key factors controlling 
the ecosystem CO2 exchange during the ice-free season, and thus were the prime cause of the 
large interannual differences in net ecosystem productivity. Large interannual and spatial dif-
ferences in winter CO2 and CH4 fluxes were controlled by on-site hydrology, apparently the 
substrate supply from biomass production, and the ice and snow cover, suggesting that the 
water level of preceding summer and precipitation during early winter would be useful predic-
tors for littoral carbon gas release during winter. In most cases, the littoral zone was an overall 
net emitter of CO2 to the atmosphere. In a wet year, the littoral net CO2 release per unit area 
was similar to that from pelagic surface waters. In a dry year, the response of NEE depended 
on the sediment type: the peaty littoral released double the amount of CO2 evaded in a wet 
year, whereas the littoral marsh on inorganic sediment had a small annual net carbon gain. 
The response agreed with the low decomposition rates measured in sites that had accumulated 
organic-rich sediments. Based on this small set of lakes, the variation in lake-wide CO2 flux 
due to littoral CO2 dynamics could be similar in magnitude to the proportional extent of the 
littoral zone. The vegetated littoral contributed the most to winter CH4 efflux from the two 
larger of the three lakes for which lake-wide winter estimates were calculated, demonstrating 
a major impact of the littoral interface on CH4 release from lakes. The spatial pattern and 
large interannual differences in ecosystem CO2 flux to the atmosphere, as well as the variation 
in litter decomposition rates suggested differences in the load of carbon from the littoral to the 
pelagic zone. 
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 1 INTRODUCTION 
1.1 Littoral zone of a lake – an interface 
between the catchment, the lake and the 
atmosphere 
 
Carbon cycling and its interaction with the 
atmosphere have been intensively studied in 
several terrestrial and aquatic ecosystems 
(e.g., Molau et al. 1999). This study is fo-
cussed on the interface of boreal forest and 
lake ecosystems and thus supplements the 
knowledge about atmospheric carbon ex-
change in the continuum from terrestrial to 
aquatic ecosystems. The transition zones 
between aquatic and terrestrial ecosystems 
are recognized as dynamic habitats that 
control or influence the movement of or-
ganisms, nutrients, material and energy 
within and across landscapes (Wall et al. 
2001). In littoral wetlands, the dynamics of 
primary production and decomposition is 
potentially large but still poorly known 
(Brix et al. 2001). At the interface atmos-
pheric carbon dioxide (CO2) fixed in photo-
synthesis by littoral vegetation enters the 
aquatic system as decomposing litter, dis-
solved organic matter or CO2. During de-
composition in water and in sediment, part 
of the carbon is subsequently released as 
CO2 or methane (CH4) back to the atmos-
phere and a part becomes buried in the 
sediments. In addition to the autochthonous 
organic matter, produced within the ecosys-
tem, lakes also retain and process alloch-
thonous organic matter from the catch-
ments. The latter is defined as decomposing 
organic matter derived from an external 
source (Wetzel 2001). In many lakes, litto-
ral sediments are primary sites for minerali-
zation of autochthonous and allochthonous 
organic matter (den Heyer & Kalff 1998). 
The extent of the terrestrial aquatic in-
terface is determined by the geomorphology 
of the drainage basin, flooding stage, and 
sediment substrate (Wetzel 1990). The 
shore line is therefore often diffuse, and the 
extent of the interface zone varies over time 
and space. Lakeward, the littoral zone of a 
lake can be defined as consisting of the bot-
tom of the lake basin colonised by 
macrovegetation, and is distinguished from 
profundal sediments free of vegetation un-
der the pelagic zone (Wetzel 2001). Based 
on geometrics, the proportion of the littoral 
zone in a lake declines with increasing 
depth and lake size and increases with in-
creasing shoreline irregularity (Wetzel 
1990). Basin slope and surface area further 
influence the potential development of 
macrophytes in lakes, as these factors inter-
act with light, nutrient availability, substrate 
characteristics, and wind erosion to produce 
the vegetation type specific to the site 
(Spence 1982, Gasith & Hoyer 1998). 
Therefore, with increasing lake size, the 
relative extent of the emergent littoral vege-
tation may not decrease because e.g., the 
reduction in cover due to the effect of wave 
action may be compensated by a greater 
number of sheltered bays and floodplains. 
Bays and areas below the wave-mixed 
depth tend to silt up and provide more sta-
ble sediments that are suitable for the estab-
lishment of macrophytes (Duarte et al. 
1986). 
Lake hydrology strongly determines the 
composition and zonation of littoral vegeta-
tion. Upper eulittoral typically consists of 
periodically flooded grass dominated vege-
tation, lower eulittoral of periodically 
flooded sedge or reed dominated vegeta-
tion, upper infralittoral of continuously in-
undated reed dominated stands, middle in-
fralittoral of floating leaved vegetation, and 
lower infralittoral of submerged vegetation 
(Hutchinson 1967, Wetzel 2001). 
Ecological interactions between littoral 
and pelagic habitats are likely to be the 
strongest in lakes with high perimeter to 
area ratios (Schindler & Scheuerell 2002). 
Both the interface wetland and littoral 
macrophytes, and their associated micro-
flora, can generate large amounts of organic 
matter and control nutrient loading and cy-
cling, which can have important effects on 
pelagic metabolism (Carpenter 1980, Wet-
zel 1990, Gessner et al. 1996). The vege-
tated littoral zone provides a structured 
habitat (Gasith & Hoyer 1998) and energy 
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Figure 1. Schematic presentation of the selected features of carbon cycling in the littoral zone. 
 
 
supply for the lake food web (e.g., Karlsson 
& Byström 2005). From a biogeochemical 
perspective, photosynthesis by emergent 
littoral plants is an influx of carbon directly 
linking ecosystem carbon cycling with the 
atmosphere. Photosynthesis and autotrophic 
respiration of submerged macrophytes and 
algae are mediated by water and contribute 
to the net atmospheric flux of surface water. 
 
1.2 Components and controls of carbon 
gas exchange 
1.2.1 Carbon dioxide exchange 
 
Gross photosynthesis (Pg) refers to the total 
amount of atmospheric CO2 fixed by pri-
mary producers, e.g. littoral macrophytes 
and algae (Fig. 1). Carbon fixed in an eco-
system is released by primary producers 
and consumers: in the respiration of plants 
and animals, and in the decomposition of 
dead organic matter by microorganisms. 
Collectively, the gross CO2 efflux is called 
total ecosystem respiration (Rtot) but con-
ceptually, the autotrophic respiration origi-
nating from a plant’s own metabolism in 
the above and belowground parts is consid-
ered separately from the heterotrophic res-
piration by soil organisms. Soil respiration 
is, in turn, defined as the decomposition of 
dead organic matter, root and rhizome res-
piration and root-associated heterotrophic 
respiration. The latter two components, 
root-associated autotrophic and heterotro-
phic respiration, contribute 10–90% to the 
soil respiration in various wetland ecosys-
tems (Silvola et al. 1996a, Johnson et al. 
2000, Crow & Wieder 2005). The net eco-
system CO2 exchange (NEE) is determined 
as the difference between the gross CO2 
influx in photosynthesis and the gross CO2 
efflux in ecosystem respiration back to the 
atmosphere. Net ecosystem CO2 exchange 
over the growing season is also considered 
to be net ecosystem productivity (Bubier et 
al. 1999). 
In general, photosynthesis is controlled 
by light, temperature, nutrient and water 
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 availability, species composition and the 
amount of photosynthesizing green bio-
mass. Emergent plants in littoral habitats 
have several physiological and morphologi-
cal responses and adaptive strategies to sur-
vive in flooded soils (Blom & Voesenek 
1996). They may alter the allocation of pho-
tosynthetically fixed carbon to biomass 
growth. When growing in unusually deep 
water plants may allocate less production to 
their roots and produce taller stems in order 
to ensure functioning photosynthesis in the 
air and allow oxygen transport via aeren-
chyma to submerged organs. In roots, the 
formation of aerenchyma is the most impor-
tant response in order to avoid anoxia 
(Blom & Voesenek 1996). 
Decomposition is regulated by tempera-
ture, moisture and substrate (e.g., Kelly & 
Chynoweth 1981, Uppdegraff et al. 1995). 
Species composition at the site determines 
litter quality and an autochthonous substrate 
supply in littoral wetlands. The degree of 
soil saturation, i.e., the proportion of pore 
spaces occupied by water, determines 
whether oxic or reduced conditions exist in 
the sediment, and thus directly affects the 
production, transport and efflux of CO2 and 
CH4. A fall in water level expands the oxic 
zone in the sediment, thus enhancing oxy-
gen availability for microbes and roots 
(e.g., Bubier et al. 2003a). In the oxic layers 
above the water table, the rate of CO2 re-
lease is significantly faster than in the an-
oxic layers (Scanlon & Moore 2000, Silvola 
et al. 1996b). In mire ecosystems, differ-
ences in CO2 production rates have been 
related to increased microbial decomposi-
tion under oxic conditions (Moore & Dalva 
1993) and enhanced activity of phenol oxi-
dase, the enzyme that degrades recalcitrant 
phenolic compounds (Freeman et al. 2001). 
Furthermore, the transport of CO2 is en-
hanced when the water level falls: diffu-
sion, the main efflux pathway, is four or-
ders of magnitude faster in air than in wa-
ter. Blodau et al. (2004) observed that an-
aerobic rates of CO2 production deeper in 
the profile also increased along with a fal-
ling water level. The CO2 and CH4 pro-
duced escape more rapidly from the sedi-
ment with low water level and this dimin-
ishes the accumulation of these gases in the 
sediment. At high concentrations these 
gases inhibit the anaerobic decomposition 
processes. 
 
1.2.2 Methane release 
 
Methane produced by methanogenic Ar-
chaea is the end product of anaerobic or-
ganic matter decay. After anoxia is estab-
lished, temperature and substrate supply are 
the primary controls of CH4 production at 
the process level (e.g., Kelly & Chynoweth 
1981, Whalen 2005). Methanogens can 
only use a limited number of low molecular 
weight carbon substrates in their energy 
production. Thermodynamically more effi-
cient processes can outcompete methano-
genesis if alternative electron acceptors 
(NO3-, Mn4+, Fe3+ and SO42-) are available. 
Fermentation of acetate and the reduction of 
CO2, coupled with H2 oxidation, are the 
main pathways for CH4 production in 
freshwater ecosystems, the former being 
dominant in the surface sediments of lakes 
(e.g., Adams 1996). At the ecosystem level, 
the vegetation controls both substrate sup-
ply and gas transport. The aerenchyma pro-
vides a route for gas release from the sedi-
ments and allows methane to bypass oxida-
tion either in the uppermost sediment or 
water column (e.g., Dacey & Klug 1979). 
Plant mediated transport can occur as molar 
diffusion or ventilation through convective 
flow, the latter being typical for many 
aquatic plant species, including Phragmites 
australis (Cav.) Trin Ex Steud. and Nuphar 
lutea (L.) Sibth. and Sm. (Dacey 1981, 
Armstrong et al. 1996). 
In the aerobic zone CH4 is oxidized se-
quentially to CO2 by methanotrophic bacte-
ria (e.g., Whalen 2005). Aerobic methane 
oxidation is active in the presence of both 
CH4 and oxygen, such as in the anoxic-oxic 
interface in surface sediment, in the rhizo-
sphere and in the water column (Rudd & 
Taylor 1980). Up to 100% of the CH4 can 
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 be oxidized in the rhizosphere or in the oxic 
layer during diffusive transport. Methane is 
also transported from the sediment by ebul-
lition and advection, which are pathways 
that largely avoid CH4 oxidation (e.g., 
Bastviken et al. 2004). The difference be-
tween CH4 production and consumption in 
sediment and water column determines the 
net flux of CH4 to the atmosphere. Wet-
lands are considered major natural net 
sources of CH4, but temporarily flooded 
wetlands such as floodplains and the littoral 
zones of lakes can switch from net produc-
ers to net consumers of atmospheric CH4 
with fluctuating water levels (e.g., Harriss 
et al. 1982). 
 
1.3 Carbon dioxide and methane as 
greenhouse gases 
 
In the atmosphere, CO2 and CH4 are radia-
tively active gases that contribute to the 
natural greenhouse effect. Greenhouse 
gases, including also gases such as water 
vapour, nitrous oxide (N2O) and tropo-
spheric ozone (O3), absorb infrared radia-
tion emitted by the Earth’s surface, the at-
mosphere and clouds, and thus trap heat 
within the atmosphere. This mechanism 
maintains the surface temperature of the 
Earth on average at +14°C, which is 33°C 
higher than it would be without the green-
house effect (Houghton et al. 2001).  
As a result of predominantly increasing 
fossil fuel burning, agricultural activities 
and land use, the atmospheric mixing ratio 
of CO2 has risen by 31% from 280 to 367 
ppmv, and that of CH4 by 150% from 0.7 to 
1.75 ppmv since 1750, the beginning of the 
industrial era. The present mixing ratios and 
the rate of their increase are likely to exceed 
those during at least the last 420 000 years 
and 20 000 years, respectively (Houghton et 
al. 2001). On a molar basis, a pulse of CH4 
is 7.5 times radiatively more effective than 
an additional mole of CO2 over a time hori-
zon of 100 years. Therefore the increase in 
CH4 contributes currently about 20% of 
global warming, whereas that in CO2 con-
tributes about 60%. The increase in the 
amount of greenhouse gases is changing the 
climate system: for instance, surface tem-
perature is continuously rising, and patterns 
of precipitation and the frequency of ex-
treme events, such as droughts and flood-
ing, are changing (Parry 2000, Houghton et 
al. 2001). 
The present annual increase of CO2 
mixing ratio in the atmosphere is less than 
half of the estimated emissions of CO2. 
This is because the land and ocean can still 
absorb part of the surplus CO2. The primary 
mechanism for the land sink is the in-
creased photosynthesis of terrestrial plants 
(e.g., Sarmiento 2000). The gross amounts 
of carbon exchanged with either the land or 
ocean and the atmosphere exceed the total 
anthropogenic input. Consequently it is im-
portant to consider how the changing global 
environment may alter the carbon cycle, the 
biosphere pools and fluxes (Houghton et al. 
2001). In the boreal forest biome, forest 
woody biomass, forest soils, mires and lake 
sediments comprise the major carbon pools 
(Myneni et al. 2001, Kortelainen et al. 
2004) that exchange CO2 and CH4 with the 
atmosphere. Understanding carbon cycling 
through lakes and their littoral zones will 
reduce the uncertainty in estimating the net 
ecosystem exchange of the boreal land-
scape. Lakes act as gas conduits of terres-
trial carbon to the atmosphere (Kling et al. 
1991, Cole et al. 1994), and climate in-
duced changes in hydrology and export of 
organic carbon and inorganic nutrients from 
catchments are suggested to be dominant 
factors regulating the carbon metabolism in 
lakes (Algesten et al. 2004, Karlsson et al. 
2005). 
 
1.4 Carbon gas exchange at the littoral 
ecosystem-atmosphere interface 
 
Terrestrial-aquatic transitions are a charac-
teristic feature of the boreal landscape, 
where most lakes are small and shallow and 
often surrounded by wetland complexes 
(Bayley & Prather 2003). In Finland, there 
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 are 187 888 lakes and ponds over 0.05 ha 
and they have a total surface area of 32 600 
km2, i.e. 10 % of the total land area (Raati-
kainen & Kuusisto 1990). The length of the 
shoreline in Finnish lakes is estimated to be 
214 900 km (Statistics from Finnish Envi-
ronment Institute according to Kankaala et 
al. 2005). The area of littoral habitats in bo-
real lakes, however, is not easily quantified. 
In the seasonally snow-covered regions the 
hydrological year of a lake is characterised 
by a spring flood after ice melt and water 
level draw-down towards late summer. In 
Finland, the change in the total lake area is 
estimated to be 7% within the space of a 
year. In addition, according to the 20-year 
monitoring of the water levels of lakes, 
climatic and associated hydrological condi-
tions can change the lake area by 13% 
(Raatikainen & Kuusisto 1990). The few 
estimates of the coverage of littoral vegeta-
tion for temperate and boreal lakes range 
from 7–13% (Kansanen 1974, Duarte et al. 
1986, Gasith & Hoyer 1998). 
Seasonality and spatial variability in 
hydrology can affect biogeochemical proc-
esses in littoral wetlands and create patches 
that show disproportionately high reaction 
rates relative to the surrounding matrix, and 
short periods of time that exhibit dispropor-
tionately high reaction rates relative to 
longer intervening periods (McClain et al. 
2003). Zones and periods of enhanced CH4 
effluxes have been recognized in boreal 
vegetated littoral areas (Hyvönen et al. 
1998, Juutinen et al. 2001, 2003ab, 
Kankaala et al. 2004, 2005). In freshwater 
lakes, narrow littoral ecotones may even 
support most of the lake-wide CH4 release 
during the open water season (Smith & 
Lewis 1992, Juutinen et al. 2003b). 
Because of the variety of input sources 
and fates, fluxes of water and carbon in lit-
toral wetland ecosystems are multidirec-
tional and mass balances are difficult to 
quantify. In comparison to biomass accu-
mulation and litter decomposition studies, 
CO2 exchange studies can provide informa-
tion about the shorter term dynamics of 
carbon in an ecosystem. Carbon dioxide 
dynamics can be related to the regulating 
environmental factors on an hourly basis. In 
lake ecosystems, studies have been con-
ducted on atmospheric CO2 fluxes from pe-
lagic surface waters (e.g., Kling et al. 1991, 
1992, Cole & Caraco 1998, Striegl & 
Michmerhuizen 1998), but only a few stud-
ies on have been carried out in littoral eco-
systems. Brix et al. (2001) estimated the 
carbon budget in a temperate Phragmites 
australis stand on the basis of biomass har-
vesting techniques and measurement of the 
growth and efflux of carbon gases. Morris 
and Jensen (1998) and Heinsch et al. (2004) 
studied seasonal net ecosystem CO2 ex-
change in coastal salt marshes, and Morison 
et al. (2000) in an emergent Echinochloa 
stand in an Amazon floodplain lake. As far 
as I know no estimates have so far been 
made of the annual net ecosystem CO2 ex-
change for freshwater littoral habitat and its 
contribution to carbon gas exchange in bo-
real lakes. 
In the boreal region the long non-
growing season, which lasts for more than 
half of the year, can contribute markedly to 
the annual carbon gas exchange of the land-
scape. For example, in northern temperate 
and boreal mires, winter CO2 release may 
offset about 30–70% of the net carbon se-
questration during the growing season (Alm 
et al. 1999a, Lafleur et al. 2001, 2003, 
Roehm & Roulet 2003) and, in seasonally 
ice-covered lakes, CH4 accumulation in the 
water column during winter and its release 
at spring ice-melt contributes to up to half 
of the annual pelagic CH4 emissions 
(Michmerhuizen et al. 1996, Phelps et al. 
1998, Huttunen et al. 2003a). Thus, the con-
tribution of winter fluxes in the annual ex-
change of the vegetated littoral zones 
should be known. 
 
1.5 Objectives of the study 
 
This thesis is a part of a research consor-
tium which dealt with greenhouse gas 
fluxes and the processes controlling them in 
boreal lakes, and aimed to evaluate the role 
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 of boreal lakes in regional greenhouse gas 
cycling. My study focussed on the contribu-
tion of the littoral zone in carbon gas ex-
change of lakes, with special emphasis paid 
to the littoral CO2 fluxes and their environ-
mental controls. The CO2 fluxes could be 
related to concurrently measured ice-free 
season littoral CH4 fluxes (Juutinen et al. 
2003ab, Juutinen 2004), pelagic CO2 and 
CH4 fluxes (this thesis, Huttunen et al. 
2003ab, Juutinen et al. 2003b) and carbon 
fluxes at the sediment water interface (Lii-
kanen 2002, Liikanen et al. 2002, 2003). In 
order to complete annual estimates of litto-
ral carbon gas exchange, this thesis also re-
ports the dynamics and controls of littoral 
CH4 fluxes during winter. In this thesis, the 
results obtained for littoral and pelagic CO2 
fluxes are integrated to estimates of lake-
wide CO2 flux in order to evaluate the litto-
ral contribution to the atmospheric CO2 flux 
of boreal lakes. Carbon gas exchange in the 
terrestrial-aquatic transition zones is placed 
in a landscape context, here including the 
lake, the surrounding catchment and their 
atmospheric interaction, and the results 
concerning the dynamics and controls of 
CO2 fluxes are used in discussing climate 
change inferences.  
 
The specific objectives of the study were 
1. to identify environmental factors 
controlling CO2 fluxes in various 
moisture and vegetation zones in the 
littoral zone (I, II, III), 
2. to reconstruct the dynamics of the 
seasonal CO2 exchange and its 
component fluxes: gross photosyn-
thesis, ecosystem respiration and net 
ecosystem exchange in different 
vegetation types of littoral habitats 
in order to quantify the spatial and 
interannual variation in CO2 fluxes 
(I, II),  
3. to compile annual net ecosystem 
productivity for different types of 
littoral under present climatic and 
hydrological conditions, with spe-
cial emphasis on analysing how the 
duration and timing of flooding af-
fects net ecosystem productivity 
(II), 
4. to quantify the spatial variation in 
winter CO2 and CH4 release from 
vegetated littoral zones and to iden-
tify the environmental factors be-
hind this variation, in order to com-
plete annual estimates of littoral 
CO2 and CH4 fluxes from boreal 
lakes (III) and  
5. to compare the dynamics of ecosys-
tem production and decomposition 
as seen in carbon gas exchange with 
plant biomass (I) and litter decay 
rates (IV). 
 
The specific hypotheses for the four studies 
in this thesis were 
 
I In the littoral zone with predominantly 
inorganic sediment, increasing plant bio-
mass indicates higher seasonal net ecosys-
tem productivity and carbon gain, as carbon 
gain will increase more with increasing 
stand density than decomposition will dur-
ing growing season.  
 
II The timing of spring flooding will be 
critical to vegetation development, which is 
controlled by day length, but not to littoral 
CO2 release in decomposition as the sedi-
ment temperature is still high even later in 
the season. An extended period of flooding 
results in a greater gaseous net loss of car-
bon from the littoral than that during near-
average flooding. 
 
III The overall littoral contribution to win-
ter gas release will increase with increasing 
area of emergent vegetation, and the pro-
portion of CH4 out of the total carbon gas 
flux will increase with increasing trophic 
status of the lake.  
 
IV Litter decay rates, as an integrating 
proxy for environmental conditions in the 
sediment, can be useful predictors of spatial 
variation in littoral CO2 and CH4 fluxes.
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2 MATERIALS AND METHODS 
2.1 Study sites 
 
Five lakes with different types of catch-
ment, differing in water chemistry, mor-
phometry and littoral vegetation were cho-
sen for the study. All the lakes are located 
in the transition from the south boreal to 
middle boreal zone in eastern Finland (Fig. 
2, Table 1). Three of the lakes, Kevätön, 
Mekrijärvi and Postilampi, were shallow 
upstream lakes and two, Heposelkä and Py-
häselkä, were central downstream lakes in 
the same watercourse, the Vuoksi. Meso-
trophic humic L. Mekrijärvi, Ilomantsi, has 
a catchment consisting mainly of peatlands 
and forests. Lake Kevätön, Siilinjärvi, is a 
naturally eutrophic lake that has been fur-
ther eutrophicated as a result of intensive 
agriculture and sewage load in the catch-
ment area during 1930–1975. Lakes Posti-
lampi, Nilsiä, and Heposelkä, Liperi, are 
surrounded by agricultural areas, whereas 
the bay studied in L. Pyhäselkä, Joensuu, is 
located in a suburban area. 
 
Figure 2. Location of the study lakes 
Kevätön (K), Postilampi (P), Heposelkä 
(H), Pyhäselkä (Py) and Mekrijärvi (M) in 
eastern Finland. 
 
 
The lakes are characterized by a large 
seasonal and annual variation in the water 
level. Melting of snow results in spring 
flooding. The flood has usually drawn 
down by late June in the upstream lakes, 
such as Mekrijärvi and Kevätön. The first 
of the two consecutive study years (1998) 
had an extended period of flooding with the 
highest median water levels during ice-free 
period in long-term records (Figs 3, 4 North 
During 1971–2000 the mean annual air 
temperature ranged from 2.1°C in the east-
ern part to 3.1°C in the western part of the 
study region, and mean annual precipitation 
from 667 mm to 608 mm, respectively 
(Drebs et al. 2002). About 40% of the an-
nual precipitation in the region falls as 
snow. The lakes are generally ice-covered 
from early or mid-November to early May.  
 
 
 
Table 1. Lake characteristics. 
Lake N 
Long. 
 
E  
Lat. 
Area, 
km2
Mean 
depth, 
m 
Max. 
depth, 
m 
Ntot, 
μg L-1
Ptot, 
μg L-1
Color, 
mg Pt L-1
Mekrijärvia 62°45' 31°00' 12 1.7 3.0 900 29.6 150 
Kevätöna 63°06' 27°38' 4 2.3 10.1 920 51.5 70 
Postilampia 63°03' 27°57' 0.03 3.2 4.3 1100 56.5 46 
Heposelkäa 62°30' 29°30' 46 6.2 35 490 14 40 
Pyhäselkäb 62°37' 29°40' 229 9.0 67 510 15 80 
aData from North Karelia and North Savo Regional Environment Centre 
bHuuskonen 1999 
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Figure 3. Water level fluctuations in L. Mekrijärvi and L. Kevätön. Monthly mean water levels of the 
lakes during the study years (1997–1999) and the long-term monthly mean water level (± 2 SD) based 
on the data of years 1963–1976 and 1993–2000 for L. Mekrijärvi and that of years 1990–2000 for L. 
Kevätön are shown. Data from North Karelia and North Savo Environment Centres. The duration of the 
ice-cover period in the region is indicated with a gray horizontal line at the bottom of the panels. 
 
 
Karelia and North Savo Environment Cen-
tres). 
The study transects crossed the littoral 
zone from periodically flooded vegetation 
to the lower limit of the emergent vegeta-
tion. The submerged vegetation was not 
considered separately in this study as it-
contributes to net flux from surface water. 
A total of eight littoral transects were stud-
ied (1–2 transects per lake). At L. Kevätön 
the transect covered all subzones from the 
upper Calamagrostis dominated eulittoral 
to the middle infralittoral growing Nuphar 
lutea (Fig. 5), whereas at L. Mekrijärvi and 
L. Postilampi the transects reaching to the 
outer limit of emergent vegetation con-
sisted of eulittoral Carex and Scirpus 
dominated vegetation, respectively. Eulit-
toral and infralittoral Phragmites australis 
stands were studied in the bays of L. He-
poselkä and Pyhäselkä.  In the two tran-
sects at L. Mekrijärvi the moss cover con-
sisted mainly of Sphagnum spp., but in the 
other six transects the moss cover was spo-
radic (< 1% cover) or absent. Species 
composition is given in detail in Table 1 in 
I, Figs. 2, 3 in II, and Table 2 in III. 
To capture the spatial variability of 
ecosystem-atmosphere CO2 exchange and 
its environmental controls in the littoral 
zone, permanent plots were established for 
chamber measurement along each transect. 
Boardwalks were built beside the sample 
plots in order to minimise disturbance to 
 14
  
 
 
 
 
 
 
 
Figure 4. The study site in the littoral sedge fen at L. Mekrijärvi in a dry year. 
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Figure 5. The littoral study transect at L. Kevätön (upper). The thermoregulated chamber 
used in measuring net ecosystem CO2 exchange is fitted on preinstalled collar in the littoral 
sedge fen transect at L. Mekrijärvi. The collars were suspended from the wooden supports 
beside the boardwalks when the site was flooded (lower). 
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the sediment and vegetation. Measurement 
collars were adjusted with wooden supports 
according to the fluctuating water level and, 
when the water table had fallen below the 
sediment surface, the collars were inserted 
into the sediment. 
Lakes Mekrijärvi and Kevätön were 
studied the most intensively in order to de-
termine the annual carbon gas exchange (I, 
II, III). Winter fluxes are reported for lakes 
Postilampi, Heposelkä, and Pyhäselkä (III). 
In this study, winter is defined as the ice 
cover period (November to April, 181 
days). During the 1998 and 1999 ice-free 
seasons, littoral CO2 fluxes were measured 
one to four times a week. Most of the 
measurements were made during day time 
(07:00–17:00 local time), but diurnal fluxes 
were studied by using an automatic sam-
pling (with 15 to 45 min interval) on the 
sedge marsh at Lake Kevätön during July 
and August 1998 (I), and during two 5-day 
periods of manual measurements (with 3 
hour interval) along the L. Mekrijärvi tran-
sects in June and August 1999 (II). 
During ice-cover periods in 1997–2000, 
littoral CO2 and CH4 fluxes were measured 
on 2 to 4 occasions during each winter. 
Lake Mekrijärvi transects were sampled 
during two winters with contrasting snow-
fall, and all the other sites for one winter 
with above average precipitation (III). To 
complete the lake-wide estimates, CO2 
fluxes from pelagic surface waters of L. 
Mekrijärvi were measured on 8 occasions 
during ice-free periods in 1998 and 1999. In 
addition, CO2 and CH4 accumulation in the 
water column under the ice was studied in 
pelagic sites at L. Mekrijärvi and L. Posti-
lampi (III). 
 
2.2 Gas flux measurements 
 
In the littoral zone during ice-free periods, 
instantaneous ecosystem-atmosphere CO2 
exchange was measured as couplets of NEE 
in prevailing weather conditions and Rtot in 
the dark (Alm et al. 1997). Paired meas-
urements enabled estimation of the instan-
taneous Pg by adding together the NEE and 
Rtot. The instantaneous NEE was measured 
with a vented, thermoregulated, transparent 
chamber (Fig. 5), and Rtot was measured 
with an opaque chamber. The volume of the 
chamber headspace (47–437 L) varied ac-
cording to the water table level and the 
height of the vegetation stand. The CO2 
concentration in the chamber head space 
was monitored every 30 s for 150–240 s 
with an infrared gas analyzer. Photosyn-
thetically active radiation (PAR), and air 
and sediment temperature were recorded 
simultaneously with the gas measurement. 
The rates of NEE and Rtot were calcuated 
from the linear change (r > 0.90) in CO2 
concentration during the measurement pe-
riod. 
The CO2 fluxes measured with this 
chamber were compared against known 
CO2 fluxes (0.32–10.01 µmol m-2 s-1) gen-
erated with a calibration system (Pumpanen 
et al. 2004). The comparison showed that 
extending the height of the chamber did not 
affect the results, but that the generated flux 
could be underestimated by 2% to 15% un-
der the range of simulated soil porosity and 
moisture conditions. 
During the ice cover period, the closed 
opaque chamber was used for gas fluxes 
(Crill 1991). After removing the snow from 
the measurement plot the chamber was 
placed on the sediment or ice surface and 
the edges of the chamber padded with snow 
to minimize lateral diffusion. During a 60-
min measurement, a series of four gas sam-
ples were drawn from the headspace and 
the CO2 and CH4 concentrations of the 
samples were determined with gas chro-
matographs (CO2, CH4) or infrared gas ana-
lyser (CO2)(III). 
In the pelagic zone during ice-free peri-
ods, both transparent and opaque floating 
chambers were used to measure CO2 fluxes 
at the air-water interface.  The measurement 
period of 60 min and the gas chroma-
tographic analyses were the same as those 
for the littoral winter fluxes described 
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 above. During ice-cover periods, the build 
up of CO2 and CH4 under the pelagic ice 
was monitored by determining the concen-
tration profiles of dissolved inorganic car-
bon (DIC) and CH4 in the water column 
monthly during winter and twice after the 
ice melt. The water samples were acidified 
immediately after sampling and the gas 
concentrations were determined using a 
headspace equilibration technique (Mc-
Auliffe 1971) described in more detail in 
III. The CO2 concentration was calculated 
from the measured DIC concentration on 
the basis of actual water temperatures and 
pH. Potential CO2 and CH4 emissions at 
spring overturn after ice break-up were cal-
culated in two ways. First, the depth-
integrated gas store exceeding the atmos-
pheric equilibrium in the water column was 
calculated for March and early May, and 
the larger of these two values was consid-
ered as the potential pulse (Michmerhuizen 
et al. 1996). Secondly, the change in the gas 
stores from late winter to May was calcu-
lated. Two calculations were made because, 
during spring flood, the melting of snow on 
the ice and in the catchment lifted the water 
level of the lake and could have increased 
the volume of the lake by adding less CO2 
rich melt water. The diluted CO2 concentra-
tion would most probably have caused un-
certainty in the estimate of ice-out release 
based on the difference in free CO2 storage. 
However, the estimates based on the differ-
ence in free CO2 storage were 103–113% of 
the potential release based on late winter 
CO2 accumulation only. 
 
2.3 Models for CO2 and CH4 fluxes 
 
To identify the factors underlying the CO2 
dynamics and to integrate the ice-free sea-
son CO2 exchange on the basis of hourly 
environmental data (Alm et al. 1997), the 
statistical relationship between instantane-
ous CO2 flux and environmental factors 
was determined for each littoral subzone 
separately. In the Pg and NEE models (Eqn 
1, 3, 5 in I, Eqn 1 in II), gross photosynthe-
sis was assumed to have a saturating re-
sponse to irradiance, described using a rec-
tangular hyperbola with parameters Q (as-
ymptotic  maximum) and k (half-saturation 
constant). In periodically flooded subzones, 
the asymptotic maximum of photosynthesis 
was dependent on the three-week running 
average of the mean daily air temperature 
(Tave) and water table level WT (Eqn 1 in I, 
Eqn 1 in II). In continuously inundated sub-
zones, the response function was modified 
by omitting WT and including shoot den-
sity (Shoot), an indicator of leaf area devel-
opment above the water surface (Eqn 3, 5 in 
I).The three-week running average of the 
mean daily air temperature was used as a 
technical variable to take into account the 
seasonality of the photosynthetic activity of 
the plants: the early season lag in activity, 
the phase of highest activity and the begin-
ning of senescence. The relative differences 
in daily temperature were presumed to re-
flect interannual variability in phenology, 
and thus two growing seasons with differ-
ent onset days and lengths could be com-
bined into the same gross photosynthesis 
model by means of the daily temperature. 
In the Rtot models (Eqn 2, 4 in I, Eqn 2 
in II), ecosystem respiration was exponen-
tially dependent on the temperature of the 
sediment surface. Similarly to the Pg mod-
els, the maximum respiration was depend-
ent on the water table level and density of 
shoots, respectively, in flooded zones and 
in continuously inundated zones. In the 
flooded zones, two forms of the response 
function of Pg and Rtot to the water level 
were used according to the vegetation and 
sediment type. In littoral marsh character-
ised by vascular plants growing on pre-
dominantly inorganic sediment, the effect 
of water level on photosynthesis and respi-
ration was assumed to be unimodal (Eqn 1, 
2 in I). In study sites with both vascular 
plants and mosses growing on organic-rich 
sediment, unimodality of the response was 
not assumed, but a sigmoid form was used 
instead (Eqn 1, 2 in II). Data on diurnal 
variation in CO2 fluxes, obtained from 
automatic and manual measurements, were 
 18
 used to compare the observed and estimated 
night time respiration. The latter was mod-
elled on the basis of daytime manual meas-
urements (I, II). 
In order to identify factors behind the 
spatial variation in winter CO2 and CH4 
fluxes, the relationships between instanta-
neous late winter fluxes and environmental 
factors, such as sediment characteristics, 
water level before freeze up and the sea-
sonal maximum of above and belowground 
vascular plant biomass, were studied. For 
all the models, coefficients were estimated 
using non-linear regression techniques (I, 
II, III). 
 
2.4 Reconstruction of annual carbon gas 
exchange 
 
The regression models for each subzone 
and the time series of environmental data, 
obtained from weather stations on site or 
within 20 km from the site, were used for 
reconstructing hourly CO2 fluxes (Pg, Rtot, 
NEE) for the period when the plants were 
emerging from the water from May or June 
to October. Hourly net CO2 exchange was 
calculated as Pg - Rtot. Before plant emer-
gence and after senescence in the ice free 
period, net CO2 exchange was interpolated 
from weekly averages of the net CO2 efflux 
from littoral open water surfaces. During 
the ice cover period from November to 
April, CO2 and CH4 flux for each subzone 
was interpolated from bi-monthly averages 
(III). Annual estimates for the pelagic zone 
were calculated by adding together poten-
tial spring CO2 release and ice-free season 
CO2 efflux, interpolated from monthly av-
erages of floating chamber measurements in 
each depth zone and weighted with the wa-
ter surface area of the zone. 
To complete the annual estimates for lit-
toral sites and lakes, concurrently measured 
ice-free season littoral and pelagic CH4 
fluxes of L. Mekrijärvi were obtained from 
studies by Juutinen et al. (2003ab), and the 
pelagic gas release of lakes Postilampi and 
Kevätön from studies by Huttunen et al. 
(2003ab). The efflux from the whole lake 
ecosystem was integrated from littoral and 
pelagic fluxes, weighted with the propor-
tional area of different vegetation and depth 
zones (Nybom 1990). 
 
2.5 Decomposition of cellulose and plant 
litter 
 
Concurrently with the gas flux studies, the 
decomposition of cellulose and plant litter 
was studied as an integrated proxy to envi-
ronmental conditions in the sediment. In 
addition, the effects of litter quality on litter 
breakdown were analysed using root and 
rhizome litter of native dominant vascular 
plants (Phragmites australis, Carex 
aquatilis Wahlenb., Comarum palustre L.) 
and shoot litter of Sphagnum magellanicum 
Brid. These litter types were chosen be-
cause of the major contribution of mosses, 
when present, and the belowground parts of 
vascular plants to the biomass production in 
the littoral sites. Roots and rhizomes con-
tributed up to 98% of the vascular plant 
biomass in the study sites (Table 2 in II). 
Dried, weighed (1g) pieces of birch cel-
lulose were placed in mesh bags with six 
vertical pockets and 20 replicate bags were 
buried vertically in the top 0–30 cm layer of 
sediment in each littoral subzone at L. Mek-
rijärvi and Kevätön in May 1999 (11 sub-
zones, Table 1 in IV). A set of 10 bags was 
collected after the growing season (20-week 
exposure) and the remaining set during the 
following spring flood (56-week). Decom-
position of plant litter was studied on three 
subzones, one subzone at each of the 
Kevätön and Mekrijärvi marsh sites and on 
an unflooded fen at L. Mekrijärvi. A spe-
cies-specific initial mass of fresh material 
of each plant litter type was buried in 10 
bags per subsite and exposure time (10 
week, 1 year, 2 years) at a depth of 15 cm 
in the sediment in June 1998 and 1999 (Ta-
ble 2 in IV). The initial dry mass of each 
litter type was determined from an addi-
tional set of 10 bags that were dried in the 
laboratory. After exposure, the loss in dry 
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 mass was determined both for cellulose and 
plant litter. Among-site and among litter-
type differences in loss of mass were stud-
ied using analysis of variance, and the rela-
tionships between loss rate, gas fluxes and 
environmental variables were studied with 
correlation and multiple stepwise regression 
analysis (IV). 
 
3 RESULTS AND DISCUSSION 
3.1 Phenology and water level controlled 
the CO2 fluxes 
 
In the flooded subzones, irradiance, daily 
air temperature and water level were identi-
fied as the key environmental factors be-
hind the dynamics of gross CO2 uptake. 
Ecosystem respiration was regulated by the 
temperature at the sediment surface and wa-
ter level. Irradiance and air or sediment 
temperature best explained the diurnal 
variation in CO2 fluxes and constrained the 
seasonal pattern, which was strongly modi-
fied by water level fluctuations each year. 
In different subzones, water level explained 
additionally up to 55 and 71% of the varia-
tion in the instantaneous gross CO2 uptake 
and release, respectively. The increase in 
the coefficient of determination was greater 
for the subzones with the widest water level 
fluctuations (I, II). 
The response of photosynthesis and 
ecosystem respiration to the water level was 
described with a unimodal Gaussian curve 
in flooded marsh communities on predomi-
nantly inorganic sediment (I). An ecophysi-
ological interpretation has been applied for 
the unimodal response of photosynthesis to 
the moisture content, or water level used as 
a surrogate of it, in studies on Sphagnum 
species. Below the moisture optimum des-
iccation restricts photosynthesis, but when 
mosses become water-saturated, the re-
duced CO2 and O2 diffusion rate limits CO2 
fixation (Silvola & Aaltonen 1984, Murray 
et al. 1989, Silvola 1991, Tuittila et al. 
2004). Here a similar shape of the depend-
ence of photosynthesis on the water level 
was found at the vegetation stand scale. The 
optimal range of water level for CO2 uptake 
depended on the height of the vegetation 
stand. A high water level directly reduced 
aerial photosynthesis because the plants 
were submerged. Gross photosynthesis was 
also reduced when the ground water level 
fell during a long dry period. As a result of 
drying, the plants apparently began to se-
nesce at an earlier stage during the warmer 
year than in the wetter year (Fig. 1 in I, 
Bubier et al. 2003b). Graminoid species are 
usually relatively tolerant to drought be-
cause they are deep-rooted and can transfer 
water from deeper soil layers (Tuittila et al. 
1999). However, the results from study I 
and those of Huang and Fu (2000) suggest 
that, in compact clayey soil where most of 
the roots are close to the surface, the trans-
fer of water would be restricted when the 
water level fell to 40 cm and thus, both 
photosynthesis and respiration reduced. 
In a multilayer plant community with 
closed moss cover, the model with the 
Gaussian curve of the response to the water 
level constantly underestimated the late 
season photosynthesis, and a sigmoid re-
sponse function was used in these cases 
(Fig. 6, II). The lack of fit for a unimodal 
response may be related to the different re-
sponses of mosses and vascular plants to 
the water level and the different timing of 
the phase of highest photosynthetic activity 
of the field and ground layer. The contribu-
tion of Sphagnum might have been small in 
mid summer either due to prolonged flood-
ing in the wet year or due to surface drying 
in the dry year. Tuittila et al. (2004) re-
ported that the photosynthetic activity of 
Sphagnum angustifolium (Russow) C. Jens., 
one of the dominant moss species growing 
on the Mekrijärvi sites, continued at water 
levels ranging from 9 cm above the peat 
surface to 33 cm below the surface. Thus, in 
littoral sites, moisture conditions that are 
extreme for moss photosynthesis may pre-
vail for most of the ice-free season until 
early October. On the other hand, mosses 
are able to photosynthesize at temperatures 
 
 20
  
-40 0 40 80
C
O
2 f
lu
x 
(m
m
ol
 m
-2
 h
-1
)
0
20
40
60
wet year 1998
dry year 1999 Water table (cm)
-40 0 40 80
Pg Rtot
 
 
Figure 6. Response of instantaneous gross photosynthesis (Pg) and ecosystem respiration (Rtot) to the 
water table in a Carex aquatilis stand at the marsh with organic-rich sediment. Negative values indicate 
water table below the sediment surface. 
 
 
close to or below zero degrees Celsius 
(Proctor 1982), whereas littoral herbs se-
nesced in the first autumn frosts (personal 
observation). 
Correspondingly, the response of eco-
system respiration to the water level in sites 
with organic-rich sediments was best de-
scribed with a sigmoid form. During the 
high water period, plant respiration was the 
major component of ecosystem respiration, 
and the proportion of sediment respiration 
gradually increased as the thickness of the 
aerobic layer above the water level in-
creased (Billings et al. 1982). After a cer-
tain threshold value, the change in CO2 re-
lease was attenuated by further lowering of 
ground water level. Chimner and Cooper 
(2003) explained the decoupling of the de-
composition rate and lowering water level 
after a specific threshold by the fact that the 
easily decomposable substrate is located 
close to the peat surface. Compared to clay, 
peat sediments had a more even depth dis-
tribution of belowground biomass (IV) and 
thus the decline in root-associated respira-
tion with lowering water level would have 
been less pronounced. Additionally, drying 
of the soil surface may counterbalance the 
thicker layer for peat oxidation (Bubier et 
al. 2003b, Tuittila et al. 2004). 
In continuously inundated subzones, 
models with climatic variables – irradiance 
and daily air temperature for photosynthesis 
and sediment temperature for respiration – 
explained up to 35% of the variation in the 
CO2 fluxes, and a biotic factor such as 
shoot density was required to explain an 
additional 12–38% of the variation. In an 
inundated monospecific stand, shoot den-
sity seemed to be a good predictor of pho-
tosynthetic capacity and respiration as it 
more directly describes the seasonal devel-
opment of leaf area and spatial differences 
in photosynthesizing and respiring surfaces. 
This was further demonstrated by the fact 
that the instantaneous NEE in the floating 
leaved Nuphar stand correlated strongly 
with gross photosynthesis (r2 = 0.99). De-
spite the apparent links to the responses of 
the ecosystem, the models essentially de-
scribe statistical relationships and are thus 
valid only for these sites under the meas-
ured range of environmental conditions. 
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Figure 7. Weekly average (±SE) of measured light-saturated gross photosynthesis (Pg, PAR > 500 mol 
m-2 s-1) and ecosystem respiration (Rtot) during the snow-free season, and monthly average of ecosystem 
respiration during the snow-cover period in the littoral sedge fen at L. Mekrijärvi. Negative values indi-
cate CO2 efflux from the ecosystem. The water table level at the fen and the 3-week running average of 
mean daily air temperature are also shown. 
 
 
 3.2 Flooding caused large interannual 
differences in ecosystem CO2 exchange  
3.2.1 The response of net ecosystem pro-
ductivity to flooding depends on the water 
level and plant emergence during the flood, 
but also on sediment type 
 
The results from the two-year studies in 
three boreal littoral wetlands imply that 
changes in the water level and vegetation 
development may result in large interannual 
differences in seasonal gross photosynthe-
sis, ecosystem respiration and in net ecosys-
tem CO2 exchange (I, II). During extended 
flooding, both the gross photosynthesis and 
ecosystem respiration were drastically re-
duced by 59–99% in the Mekrijärvi sites 
(Fig. 7), and by 20–40% in the Kevätön 
sites. The change in gross fluxes was the 
more pronounced, the larger the interannual 
difference in the water levels (66 cm and 39 
cm in Mekrijärvi and Kevätön, respec-
tively) and the longer the period of flood-
ing. Prolonged flooding delayed the onset 
of maximum photosynthesis by up to two 
months (II). A delayed start to the growing 
season can be critical for net ecosystem 
productivity in northern ecosystems since 
early snowmelt and relatively warm condi-
tions can enhance gross photosynthesis be-
cause the light levels are already high 
(Joiner et al. 1999). In littoral regions par-
ticularly, the extent and duration of spring 
flooding markedly constrains seasonal eco-
system CO2 exchange. When coinciding 
with the most favourable midsummer pe-
riod for photosynthesis, a high flood re-
duced the annual growth of plants and, con-
sequently, the supply of fresh organic mat-
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 ter for decomposers. Because of the re-
stricted decomposition rate, old litter may 
also remain undecomposed. 
 Flooding can cause interannual differ-
ences of up to 11 mol m-2 of CO2 (130 g m-2 
of carbon) in the NEE in the flooded littoral 
area (II, III). However, seasonal NEE in 
different vegetation zones did not respond 
consistently to prolonged flooding, but the 
response of net ecosystem exchange de-
pended on the water level during the flood, 
the time of plant emergence during the 
flood, the extent of fall in the water level 
after flooding and the sediment type. An 
exceptionally high water level relative to 
the height of the vegetation stand strongly 
decreased net ecosystem productivity, be-
cause aerial photosynthesis was reduced 
(II). Plant communities can, however, re-
spond to flooding by adaptation: they pro-
duce fewer but taller stems to ensure photo-
synthesis in the air (Blom & Voesenek 
1996). The structural response apparently 
led to higher gross photosynthesis of the 
vegetation stand than was predicted on the 
basis of the model with only the water level 
as a variable. Thus, the response of net eco-
system productivity to flooding seems to 
depend also on the frequency of flooding, 
as plant species growing in frequently 
flooded sites would be more adapted to ex-
treme changes in water level than those in 
less frequently flooded sites. 
The contrasting effects of prolonged 
flooding could also, at least partly, be ex-
plained by the sediment quality and the size 
of the soil organic matter pool which, in 
turn, are largely determined by the long-
term moisture conditions. In a boreal marsh 
on predominantly inorganic sediment, the 
net ecosystem productivity was lower in a 
wet year than in a dry year (I). On the other 
hand, a longer post flood period in sites 
with organic-rich sediment, could promote 
an even greater excess of ecosystem respi-
ration over primary productivity in a dry 
year than in a wet year (II), apparently 
partly due to enhanced decomposition of 
the organic matter accumulated on the site 
(e.g., Freeman et al. 2001). Mire ecosys-
tems in dry years (e.g., Shurpali et al. 1995, 
Bubier et al. 2003a), or due to a dry late 
summer even in a year with above-average 
precipitation (Alm et al. 1999b), have 
shown a similar response.  In the littoral 
sites with organic-rich sediments, however, 
the fall in the water level after flooding also 
varied according to the sediment type and 
its water holding capacity: the post-flood 
fall was steeper in silt-mud than in peat, and 
thus the interannual differences in the post-
flood NEE were larger. Interannual differ-
ences in net ecosystem productivity could 
also have been amplified because spring 
flood readily translocates litter in and from 
the littoral zone (Hellsten 2000). This study  
demonstrated that the effect of flooding on 
net ecosystem productivity is not easily 
generalized, because the time lags in the 
decomposition of organic matter, transloca-
tion of litter within a littoral site, and the 
input of dissolved organic carbon (DOC) 
from the catchment, are factors that vary 
from site to site (II).  
 
3.2.2 Flooding also modified carbon gas 
exchange during winter 
  
Changes in annual precipitation and the 
flooding pattern also strongly modified 
winter carbon gas release from the littoral 
zone each year. This was demonstrated by 
the fact that the lowest and highest CO2 re-
lease, 0.3 mol m-2 and 7.7 mol m-2 in 181 
days, respectively, were measured in the 
same marsh subsite during two subsequent 
winters with different snow and hydrologi-
cal conditions. Thus, between-winter varia-
tion in CO2 efflux in an individual subzone 
could exceed the variation among all the 
subzones at five lakes of different trophic 
status, measured in winters with similar 
snow conditions (III). 
Winter CH4 release ranged from an un-
detectable flux in the driest subzone to 0.4 
mol m-2 in 181 days in stands either at the 
current shore line or infralittoral zone where 
Phragmites shoots penetrated through the 
ice (III). In winter conditions, water level 
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 not only determines the thickness of the 
oxic layer in the sediment and thus partly 
controls CO2 and CH4 release, but also de-
termines the level at which the ice cover is 
formed, thus regulating whether gas is re-
leased from littoral sediments directly into 
the atmosphere through emergent plants or 
remains dissolved in the water under the 
ice. Consequently, the water level during 
the preceding summer was found to predict 
the littoral winter CO2 and CH4 fluxes. The 
type and productivity of the vegetation and 
the sediment type were primary underlying 
factors controlling winter CH4 and CO2 
fluxes, respectively. 
In eulittoral sites, the depth of the insu-
lating snow cover and its effect on the 
depth and timing of soil frost could further 
explain part of the large, 5- to 7-fold inter-
annual differences in carbon gas efflux. In 
the winter with a less-than average snow-
fall, lower sediment temperatures could 
have both decreased the winter time gas 
production because of the temperature de-
pendence of decomposition, and shifted the 
gas flux to the spring thaw because of freez-
ing of the top sediment layers could have 
trapped a large part of the produced gas 
(Melloh & Crill 1995, Brooks et al. 1997). 
Winter gas release comprises a signifi-
cant component of net annual carbon gas 
exchange in the littoral zone. In sites that 
had a net CO2 loss during the ice-free sea-
son, winter release accounted on average 
for half of the annual net loss. For sites that 
had an annual CO2 gain into the ecosystem, 
80% was offset by winter CO2 release (III). 
The latter slightly exceeds the estimates for 
the share during the winter in temperate and 
boreal mires (30–70%, Alm et al. 1999a, 
Lafleur et al. 2001, 2003, Roehm & Roulet 
2003). In line with the results from northern 
temperate and boreal wetlands (2–30%, 
Dise 1992, Melloh & Crill 1996, Alm et al. 
1999a, Kankaala et al. 2004) winter con-
tributed 0–34% to the net annual CH4 re-
lease (III). As the release rates over winter 
fell in the range of those for various tem-
perate and boreal ecosystems (Fig 6 in III), 
one plausible explanation for both the larger 
winter proportion of annual net CO2 ex-
change than in mires and the undetectable 
CH4 release is the more extreme annual pat-
tern of water level variation in the littoral 
sites. In littoral sites with a short spring 
flood, one month in spring can account for 
up to 100% of the seasonal CH4 efflux dur-
ing the ice-free period (Juutinen et al. 
2001). 
Collectively, the results from studies I–
III indicate that the duration and timing of 
spring flooding is the major regulator of the 
annual flux, as it directly retards CO2 influx 
and efflux to the atmosphere, and indirectly 
via the diminished annual growth of plants 
and subsequent lower litter supply for de-
composers. 
 
3.3 Dynamics of primary production and 
decomposition in relation to CO2 ex-
change 
 
In general, the productivity of a site as 
measured as the maximum standing crop of 
the aboveground plant biomass seems to be 
of limited value in explaining spatial varia-
tion in seasonal net CO2 fluxes. The vegeta-
tion zone with the highest photosynthetic 
capacity and largest aboveground biomass 
showed an annual net CO2 loss, due to a 
high respiration rate (I). When the overrid-
ing control of the fluctuating water level is 
constrained within a distinct vegetation 
zone and in particular in continuously inun-
dated zones, the aboveground plant biomass 
seems to give a useful estimate of seasonal 
net CO2 gain (I). In this case, the density of 
emergent shoots was found to be one of the 
key factors predicting gross CO2 fluxes. 
Compared to the release rates of CO2 from 
an adjacent plot without emergent shoots, a 
sparse Nuphar stand reduced the seasonal 
net CO2 efflux of the zone to one fourth 
even in the wetter year and a dense stand 
turned the exchange to net CO2 influx in the 
drier and warmer year (Table 7 in I). 
Comparison of ecosystem-atmosphere 
CO2 exchange and biomass and decomposi-
tion studies, however, revealed novel as-
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 pects in the dynamics of primary produc-
tion and decomposition in the littoral zone. 
Gross photosynthesis inferred from CO2 
exchange only measures the fixation of 
“new” atmospheric CO2 in the ecosystem. 
The interannual variability of the influx can 
be two orders of magnitude, but the concur-
rent reduction in aboveground primary pro-
duction only 30–50% (II). Comparison of 
the estimate for the amount of carbon fixed 
in aerial gross photosynthesis and that for 
the carbon content in the biomass revealed 
that the carbon bound in the aboveground 
green vascular plant biomass could corre-
spond to 5–300% of the CO2 fixed in aerial 
gross photosynthesis (Table 7 in I, Table 2 
in II). In other words, during the prolonged 
flooding the aboveground biomass could, in 
some cases, exceed the estimated seasonal 
gross photosynthesis, indicating that most 
of the growth may have been sustained by 
either or both the carbohydrate reserves in 
the perennial rhizomes and by the photo-
synthesis in water. In addition, estimates for 
gross CO2 fixation for the infralittoral 
Nuphar zone may be too low because the 
leaves can also utilise CO2 derived from the 
root system (Longstreth 1989). By defini-
tion the ecosystem-atmosphere fluxes also 
include the net contribution of aquatic proc-
esses: photosynthesis of submerged leaves 
and algae in the water as well as the respira-
tion of the submerged parts of macrophytes 
and inundated sediments. 
Shoot litter is readily transported during 
flood, but root and rhizome litter are likely 
to contribute to the dynamics of sediment 
carbon pool. At least 40% of the mass of 
the belowground litter remained on a litto-
ral site after first the two years of decompo-
sition (IV) and most of the observed loss in 
mass was presumably due to leaching in the 
first weeks (Brinson 1977). Concomitantly, 
most of the study sites showed an annual 
net carbon gas loss (I,II). In the littoral en-
vironment, this apparent discrepancy 
emerged from the fact that an excess of car-
bon gases may originate from the slow, 
continuous decomposition of detritus de-
posited in previous years or translocated 
during the flood. The rates of cellulose de-
composition were compared among a set of 
littoral Carex dominated subsites that were 
similar in respect to the seasonal gross pho-
tosynthesis and water level, and thus the 
differences in NEE were mainly caused by 
differences in respiration. Decomposition 
rates were significantly higher in those sites 
that had a net seasonal CO2 gain than in 
sites with a net CO2 loss (IV). The inverse 
relationship between net CO2 flux and de-
composition rates further implied that the 
mass loss rates characterize the potential of 
the site to accumulate organic matter that is 
subsequently released as CO2, but give no 
estimate of the concurrent net CO2 release. 
The measured gas flux and mineralization 
rates seem to be linked via ecosystem car-
bon pools, but to operate on different time 
scales. 
The cellulose decomposition rates were 
similar or higher in the longer or continu-
ously inundated sediments than in the peri-
odically flooded zones (IV), but the net 
ecosystem-atmosphere exchange was close 
to zero in the continuously inundated sites 
(I). One likely explanation for this discrep-
ancy is the fact that the ultimate flux to the 
atmosphere is strongly controlled by proc-
esses taking place in the water column, 
primary production, respiration and poten-
tial mixing in the lake basin. Thus, the litto-
ral imbalance can be greater than that 
measured at the atmosphere-ecosystem in-
terface due to the export of littoral carbon. 
This assumption was also supported by re-
sults obtained in laboratory incubations 
(Liikanen et al. 2002, 2003). The mean 
daily CO2 release from the littoral sedi-
ments of Lake Kevätön into the water, cor-
rected for the actual water temperatures, 
was higher than the net CO2 release meas-
ured from the nonvegetated water surface in 
the littoral area (unpublished results), but 
microcosm CH4 fluxes between sediment 
and water were similar to those in situ at the 
water-atmosphere interface (Liikanen et al. 
2003).
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Figure 8. A Net carbon gas exchange as CO2 and CH4 in the three littoral wetlands of different sediment 
types. Each couplet of bars shows the gas exchange for a site in a wet year (w) and in a dry year (d), in-
tegrated by weighting with the proportions of different vegetation subzones. Negative values indicate 
gas efflux from the ecosystem. B Contribution of littoral net CO2 and CH4 exchange to the lake-wide 
carbon gas release in eutrophic L. Kevätön and humic L. Mekrijärvi during a wet year (1998) and a dry 
year (1999). Data for littoral fluxes are compiled from I, II, III and Juutinen et al. (2003a), and data for 
pelagic fluxes from this thesis, III, Huttunen et al. (2003b), Juutinen et al. (2003b). The average long-
term carbon sedimentation rate for L. Kevätön is also indicated (gray horizontal line, Pajunen 2004). 
 
 
3.4 The contribution of the littoral zone 
to the carbon gas flux from the whole 
lake ecosystem 
3.4.1 Littoral net CO2 flux to the atmos-
phere  
 
Pelagic surface waters of most freshwater 
lakes in the world are net emitters of CO2 
(Cole et al. 1994). The estimates of the CO2 
efflux from temperate to arctic lakes range 
from 0.01 to 14 mol m-2 yr-1 (Kling et al. 
1991, Cole & Caraco 1998, Striegl & 
Michmerhuizen 1998, Riera et al. 1999, 
Casper et al. 2000, Huttunen et al. 2003b, 
Algesten et al. 2004, Rantakari & Korte-
lainen 2005). The annual CO2 efflux from 
the pelagic surface waters of L. Kevätön 
and Mekrijärvi was 2.9 mol m-2 yr-1 (Hut-
tunen et al. 2003b) and 6 mol m-2 yr-1, re-
spectively. The contribution of the vege-
tated littoral zone to the net CO2 fluxes 
from the whole lake ecosystem, including 
the littoral and pelagic zones, could be close 
to the ratio of the emergent vegetation area 
to the whole lake area. For instance, in a 
wet year, the littoral net CO2 release was 
similar to that from pelagic surface waters. 
In a dry year, the response of net ecosystem 
exchange was related to the sediment type: 
littoral with organic-rich sediment released 
double the amount of CO2 lost in a wet 
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 year, whereas littoral marsh on predomi-
nantly inorganic sediment had an annual net 
carbon gain (Fig. 8A). Therefore, in the 
case of L. Mekrijärvi which has organic-
rich sediments and a littoral cover of 14%, 
the lake-wide release would be about 13% 
higher in a dry year than in a wet year. In 
the case of L. Kevätön which has clay 
sediments and a cover of 24% littoral vege-
tation, the littoral net CO2 influx could ap-
parently offset about 20% of the lake-wide 
CO2 release (Fig. 8B). The two-year results 
for these lakes with extensive littoral zones 
suggest that, if the lake-wide CO2 flux is 
estimated by extrapolating measurements 
from the open surface water in the pelagic 
zone, and not taking into account the littoral 
CO2 dynamics, then the uncertainty in the 
estimate could be within ±20%. This im-
plies that the potential inaccuracy in the 
lake-wide CO2 flux due to a low spatial 
resolution could be similar in magnitude to 
the uncertainty in the area of littoral habi-
tats, e.g. due to changes in the lake water 
level. 
One important implication from the re-
sults of this study was that relatively small 
changes in littoral gross CO2 influx and ef-
flux may cause large shifts in littoral net 
CO2 exchange. This can be illustrated by 
applying the results from sensitivity analy-
sis of the models for gross photosynthesis 
and ecosystem respiration to warmer but 
wetter conditions. The analysis showed that 
a 10% increase in the water level, daily av-
erage temperature (Tave) and sediment tem-
perature could lead to 6–10% greater sea-
sonal gross photosynthesis, but only 4–8% 
greater seasonal ecosystem respiration in 
the different littoral subzones of Lake 
Kevätön, compared to the conditions in 
1999 (I). However, the resulting relative 
increase in net CO2 influx would be sub-
stantial: instead of the 1999 influx of 0.3 
mol m-2 yr-1, hypothetically there could be 
an area-weighted net CO2 influx of about 3 
mol m-2 yr-1 in the littoral zone, an amount 
corresponding to about 40% of the net at-
mospheric CO2 efflux from the pelagic sur-
face waters of the lake in 1999 (Huttunen et 
al. 2003b). An increase of 10% in the se-
lected environmental factors would be in 
the range of the observed climatic and hy-
drological variation: it resembles the condi-
tions e.g. in the 1997 ice-free season, when 
Tave was 1.1-fold and the median water 
level 3 cm higher compared to the values in 
1999 (Fig. 3). 
The spatial and temporal variation in the 
respiration rates suggested differences in 
the load of carbon to deeper parts of the 
lake. During two consequent years, the dri-
est uppermost flooded littoral zones showed 
an annual net CO2 loss but, in some of the 
lower eulittoral or infralittoral zones, there 
was a net input of CO2 in the ecosystem (I). 
The highest annual littoral CO2 efflux ex-
ceeded those from pelagic surface waters of 
temperate, boreal, and arctic lakes (Fig. 9), 
and was close to the efflux measured from 
in recently flooded areas, experimentally 
flooded peatland (Kelly et al. 1997) or a 
boreal beaver pond (Roulet et al. 1997). 
Accordingly, one likely reason for the high 
emissions from these habitat types is that 
they contain high concentrations of labile 
carbon substrates for decomposers (Roulet 
et al. 1992). 
 
3.4.2 Littoral zone as a CO2 pump – poten-
tial indirect contribution to the lake-wide 
carbon gas release 
 
In a biogeochemical sense, the contribu-
tion of littoral CO2 dynamics to lake carbon 
gas exchange can be even more pronounced 
through the utilisation of fixed CO2 in the 
ecosystem. This indirect influence includes 
the carbon fixed in or passing through the 
littoral zone that is exported into the mid 
lake as dissolved organic and inorganic car-
bon or particulate carbon, and the recently 
fixed carbon that is converted to CH4 and 
emitted back into the atmosphere from litto-
ral sediments. Analogically, Wang and Cai 
(2004) proposed that coastal marshes act as 
biological CO2 pumps. Atmospheric CO2 is 
fixed by marsh vegetation and, sub- 
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Figure 9. Net annual CO2 and CH4 fluxes in littoral subzones (symbols) in comparison to those measured in 
various northern temperate and boreal ecosystems. Area-integrated annual fluxes for L. Mekrijärvi (M) and L. 
Kevätön (K) are also shown. Horizontal lines show the range of net CO2 exchange and vertical lines the range 
of net CH4 flux measured in each type of ecosystem. Ranges of annual fluxes for drained peatlands and grass-
lands (Nykänen et al. 1995, Huttunen et al. 2003c, Maljanen et al. 2001, Maljanen 2003, Saari 2003, Lohila et 
al. 2004), for forests on mineral soils (Valentini et al. 2000, Saari 2003, Griffis et al. 2004, Kolari et al. 2004, 
Zha et al. 2004, Wang et al. 2004), for mires (Nykänen 1995, Alm et al. 1997, Alm et al. 1999b, Saarnio et al. 
2003, Lafleur et al. 2003) and for pelagic surface waters of  lakes or reservoirs (Fallon et al. 1980, Phelps et 
al. 1998, Riera et al. 1999, Casper et al. 2000, Huttunen et al. 2002, 2003b, Bastviken et al. 2004, Striegl & 
Michmerhuizen 1998, Rantakari & Kortelainen 2005). Negative values indicate gas efflux from the ecosys-
tem. 
 
 
sequently, either respired in marsh support-
ing CO2 flux back to the atmosphere or the 
DIC flux to adjacent waters, or exported as 
DOC to coastal waters. 
Respiration in the sediments may domi-
nate the total carbon mineralization in shal-
low boreal lakes (Jonsson et al. 2001). In 
fresh water ecosystems, estimates of the 
contribution of sediment respiration range 
from 2 to 80%, the high-end value having 
been reported for a shallow flooded reser-
voir (den Heyer & Kalff 1998, Åberg et al. 
2004, Algesten et al., in press). In a lake 
ecosystem, littoral sediments in particular 
may have an important role in the degrada-
tion of allochthonous and autochthonous 
organic matter, which has been attributed 
to warm temperatures and substrate quality 
and supply (den Heyer & Kalff 1998). Ac-
cordingly, in this study the mass loss of 
cellulose, which reflected the effect of the 
environmental conditions in the sediments, 
indicated 2- to 3-fold decay rates in inun-
dated littoral sediments of L. Mekrijärvi 
compared to deeper parts of the lake (IV). 
Similarly, in a set of nine Quebec lakes of 
different size and trophic status, organic 
matter mineralization was, on the average, 
3-fold in the littoral compared to profundal 
sediments (den Heyer and Kalff 1998). 
The general pattern found for boreal lakes 
in Canada (Kelly et al. 2001) that CO2 ef-
flux is positively correlated with a high 
ratio of epilimnetic sediments to epilim-
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 netic volume further indicates that littoral 
sediments are an important site of the deg-
radation of organic matter.  The lake-wide 
CO2 effluxes from the small set of lakes in 
this study also fitted to this pattern: the an-
nual effluxes were 2.7 mol m-2, 4.4 mol   
m-2, and 8.1 mol m-2 for deepest L. 
Kevätön, and the deeper subbasin and shal-
lower subbasin of L. Mekrijärvi, respec-
tively. 
 
3.4.3 Littoral plant-mediated release is the 
major pathway for lake-wide CH4 flux 
 
The vegetated littoral zone contributed 
about 70% of the lake-wide CH4 flux in 
two of the study lakes during winter, dem-
onstrating the high importance of the litto-
ral zone for CH4 efflux from lakes. This is 
in line with previous studies on the contri-
bution of the littoral to lake-wide CH4 
emissions during the ice-free season 
(Smith & Lewis 1992, Juutinen et al. 
2003b, Juutinen 2004). In a small, highly 
productive lake pelagic accumulation ex-
ceeded littoral release (Huttunen et al. 
2003a, III). The role of the littoral zone is 
further emphasized by the fact that CH4 
production under the ice has been found to 
be proportional to the ratio of the littoral 
zone area to the total lake area (Michmer-
huizen et al. 1996). In sites close to the 
lake shore, higher CH4 concentrations in 
the water column during winter (III) and 
earlier and higher CH4 fluxes to the atmos-
phere at ice melt have been measured than 
those closer to the lake center (Phelps et al. 
1998). The concentration of dissolved CH4 
has been linked to macrophyte production, 
the amount of plant detritus and particulate 
organic material in the lake sediment, 
which provide a carbon supply to 
methanogens (Kelly & Chynoweth 1981, 
Schütz et al. 1991, Michmerhuizen et al. 
1996). 
Annual net CO2 exchange and the CH4 
flux, compiled from measurements made 
during winter (III) and the ice-free season 
(I, II, Juutinen et al. 2003a), indicated that 
the three littoral study sites show strikingly 
different proportions of CH4 and CO2 flux 
out of the total C gas flux, depending both 
on water level fluctuations and on the pro-
ductivity of the site. In the marsh at eutro-
phic L. Kevätön, one third (0.9 mol m-2   
yr-1) of the 3 mol m-2 yr-1 wet-year carbon 
gas release was emitted as CH4. In a dry 
year the CH4 efflux of 0.8 mol m-2 yr-1 cor-
responded to two thirds of the net CO2 gain 
in the same site. In two shore sites of hu-
mic L. Mekrijärvi, 6–12% of the net car-
bon gas efflux was emitted as CH4 during 
two study years (Fig. 8A). 
At a smaller spatial scale, CH4 release 
in different subzones along the terrestrial-
aquatic moisture continuum seems to con-
tribute from 1 to 100% of the net annual 
carbon gas release. In those sites that 
showed an annual net CO2 influx, the 
amount of carbon emitted as CH4 back into 
the atmosphere corresponded to 18–180% 
of the annual CO2 gain in moles (Fig. 9). 
These wide ranges demonstrate that the 
littoral NEE to CH4 ratio can be highly site 
specific, as has also been reported in pre-
vious studies on wetlands (Waddington et 
al. 1996, Alm et al. 1997, Christensen et al. 
2003, Juutinen 2004). This may be due to 
several factors related to processes control-
ling the net ecosystem-atmosphere CO2 
and CH4 exchange in wetlands in general, 
some of which may be further amplified as 
a result of environmental conditions in the 
flooded littoral zone. Besides primary pro-
duction, water level is a strong determinant 
of CH4 production, transport and the ulti-
mate net flux, as it controls the duration 
and boundary of oxic and anoxic condi-
tions in the sediment, and thus directly af-
fects the balance between CH4 production 
and oxidation (e.g., Moore & Knowles 
1989, Waddington et al. 1996). Rather than 
reflecting net assimilation of atmospheric 
CO2 into organic matter, net ecosystem 
productivity also integrates several proc-
esses in carbon cycling, including hetero-
trophic respiration and CO2 release in de-
composition, that are also partly regulated 
by water level. In sites where the water 
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 table was at or near the soil surface, CH4 
emissions increased with net ecosystem 
CO2 influx. There the relationship of CH4 
to NEE was apparently largely driven by 
plant biomass, as previously found e.g., by 
Waddington et al. (1996) and Bellisario et 
al. (1999). In places with the water table 
below the soil surface, oxidation tended to 
become the dominant control of CH4 ef-
flux, and net CH4 efflux decreased with 
increasing net CO2 efflux (Fig. 5 in IV). 
In the littoral zone, additional variation 
in the relationship between net ecosystem 
productivity and the CH4 flux may result 
from the time lags in carbon cycling in the 
water column and in the sediments. In a 
dry year, 1–10% of the carbon fixed in 
gross photosynthesis was allocated to CH4 
release, which agrees with the results of 
previous studies in wetlands (Alm et al. 
1997, Saarnio et al. 2003, Strack et al. 
2004). In contrast, during extended flood-
ing the emission of carbon as CH4 could 
even exceed the CO2 fixed in annual aerial 
gross photosynthesis. In these cases, most 
of plant growth may have been sustained 
by the carbon fixed in previous seasons or 
by photosynthesis in water. Old litter re-
maining from previous years could provide 
an additional carbon source for methano-
gens. Heaps of fresh detritus, accumulated 
e.g. by flooding, have an unusually high 
CH4 flux when the rate is normalized to 
aboveground biomass (Juutinen et al. 
2003b, Kankaala et al. 2005). 
Another factor contributing to the 
highly variable proportion of CH4 release 
in the littoral net ecosystem carbon ex-
change are the differences in solubility of 
CO2 and CH4 in water and, subsequently, 
the different transport pathways of the pro-
duced gas. Plant-mediated release is the 
major pathway for the less water soluble 
CH4 efflux from vegetated sediments 
(Chanton et al. 1992), but CO2 from respi-
ration in the sediment can readily dissolve 
and become mixed in the water column. 
The release of CH4 could, in rare cases, be 
close to total ecosystem CO2 respiration as 
measured at the water-atmosphere inter-
face of emergent vegetation stands (I, 
Juutinen et al. 2003a). In comparison, al-
most all of the mineralized carbon at the 
sediment-water interface was released as 
CO2 into the water, when sediments from 
Lake Kevätön were incubated with an 
aerobic water flow in the laboratory. With 
an anaerobic flow, CH4 accounted for up to 
34% of the carbon mineralization into the 
water (Liikanen et al. 2003). 
Fall in the water level may result in the 
release of entrapped gases from vegetated 
sediments due to changes in pressure gra-
dient and soil structure (e.g., Denier van 
der Gon et al. 1996, Glaser et al. 2004). In 
eulittoral sites, a peak in CH4 efflux was 
observed when water table dropped below 
the ground surface (Juutinen et al. 2003a). 
Rapid episodic fluxes are difficult to cap-
ture with even weekly chamber measure-
ments but they can contribute markedly to 
seasonal CH4 efflux in wetlands (e.g, Den-
ier van der Gon et al. 1996, Glaser et al. 
2004) and thus to the proportion of CH4 
out of the total carbon gas exchange. 
 
3.5 Carbon fluxes of lakes and their lit-
toral zones in a landscape context 
3.5.1 Net CO2 flux from lakes is driven by 
internal primary production and the exter-
nal carbon load 
 
Based on CO2 supersaturation in the sur-
face waters of lakes worldwide, lakes have 
been suggested to be important gas con-
duits of terrestrial carbon to the atmos-
phere (Cole et al. 1994). The annual leach-
ing of organic carbon from a set of Finnish 
catchments was estimated to be 0.3–0.7 
mol m-2 of the catchment area, most of it as 
DOC (Kortelainen et al. 1997). A high 
concentration of DOC in lake water has 
been linked to a high proportion of peat-
lands and forests in the catchment (e.g., 
Striegl et al. 2001). Lakes can also receive 
inorganic carbon via ground and surface 
water. 
 30
 When assessing the influence of land-
scape on DOC concentrations in temperate 
lakes at different scales, Gergel et al. 
(1999) found that taking the proportion of 
wetlands at small nearshore scales (25–100 
m) into account consistently increased the 
amount of variability explained in the in-
lake DOC concentrations, but the propor-
tion of wetlands measured at larger scales 
of the landscape did not necessarily lead to 
better predictability. They reasoned that 
this was because the near shore area was 
also the location of the majority of the wet-
lands around the lakes even in their topog-
raphically flat study region.  Furthermore, 
in many forest lakes humic material partly 
originates from the moss-grown peaty lit-
toral zone, which thus potentially has an 
important influence on carbon metabolism 
in the lake ecosystem, including fuelling 
the excess respiration in pelagic waters 
(Kairesalo et al. 1992). Wetzel (1992) ar-
gued that autochthonous DOC from littoral 
wetlands would be the largest continuous 
load of DOC on lake ecosystems. Vegeta-
tion may strongly control the export and 
production of dissolved carbon from wet-
lands: the positive relationship between 
aboveground biomass and dissolved car-
bon export (Judd & Kling 2002) and the 
isotopic composition of exported DOC 
(Schiff et al. 1997) suggested that new car-
bon photosynthesis is driving DOC export. 
The role of the littoral area in the car-
bon cycling of a lake is emphasized by the 
fact that the production of littoral macro-
phytes and associated algal communities 
per unit area may be a few orders of mag-
nitude higher than that of the pelagic 
phytoplankton (Gessner et al. 1996). When 
carbon fluxes and pools from studies I and 
II are applied to the whole lake and 
weighted by the proportional share of the 
vegetation zones, the littoral gross influx 
of atmospheric CO2 to the ecosystem 
would range from 0.6 to 6 mol m-2 lake 
area yr-1. A rough estimate for vascular 
plant production was calculated by apply-
ing annual production and turnover rates 
determined for graminoid shoots (0.86 
Saarinen 1996) and fine roots in wetlands 
(1.2 Bernard 1974, Laiho et al. 2003). The 
estimated littoral vascular primary produc-
tivity of 3–4 mol m-2 lake area yr-1 of car-
bon would be similar to or higher than the 
pelagic planktic primary production esti-
mated for L. Mekrijärvi and Kevätön (1.1 
and 4.7 mol m-2 yr-1 of carbon, respec-
tively, Larmola et al., unpublished data) 
and for other boreal lakes (0.0025–4.3 mol 
m-2 yr-1 of carbon, Ilmavirta & Kotimaa 
1974, Kelly et al. 2001, Algesten et al. 
2004). The estimate for littoral primary 
production is likely to be even higher when 
mosses and attached algae are included 
(Wetzel 1990). 
Based on the above calculation and es-
timates of the organic carbon load to Fin-
nish lakes (Kortelainen et al. 1997), the 
littoral gross influx of autochthonous car-
bon into the ecosystem would equal or ex-
ceed the estimated allochthonous carbon 
load at a lake to catchment area ratio of the 
eutrophic lake, L. Kevätön (I). In contrast, 
in humic Lake Mekrijärvi, the organic car-
bon load from the catchment would be an 
order of magnitude higher than the littoral 
autochtonous carbon influx (II). This 
agrees with our current understanding of 
net atmospheric CO2 flux as a function of 
the internal production and allochthonous 
carbon load, where both the nutrient status 
and DOC are important drivers of lake me-
tabolism (Prairie et al. 2002, Hanson et al. 
2003). Accordingly, in a five-year study on 
Finnish large lakes, Rantakari and Korte-
lainen (2005) found a positive correlation 
between average precipitation and annual 
pelagic CO2 efflux, which they attributed 
to either or both the organic carbon and 
nutrient supply from the catchment, the 
latter enhancing internal primary produc-
tion. Because of its higher turnover rate, 
the autochthonous carbon component may 
contribute disproportionally more to total 
mineralization than bulk lake water DOC 
does (Jonsson et al. 2001). 
Between 30–80% of the carbon enter-
ing the lake from a boreal catchment is ei-
ther stored in lake sediments or emitted as 
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 carbon gas to the atmosphere (Molot & 
Dillon 1996, Algesten et al. 2004), rest be-
ing transported downstream. The average 
long-term carbon sedimentation rate for 
Finnish boreal lakes has been 0.17 mol m-2 
yr-1 (Pajunen 2004), whereas the minerali-
zation and subsequent CO2 evasion is by 
far the most important process, 8–22 fold 
compared to long-term annual C sedimen-
tation (Algesten et al. 2004, Kortelainen et 
al. 2004, Kortelainen et al. unpublished 
results). 
The evasion of gaseous carbon from 
northern lakes can correspond to 20–50% 
of the terrestrial annual net ecosystem pro-
ductivity in the landscape (Kling et al. 
1991, 1992). Furthermore, lakes and ponds 
may contribute up to 30% of the total an-
nual CH4 release in northern landscapes 
rich in small lakes (Bartlett et al. 1992, 
Roulet et al. 1992, Reeburgh et al. 1998, 
Juutinen et al. 2003b). In the middle boreal 
study region, the landscape has an annual 
terrestrial carbon gas exchange (including 
NEE and CH4 exchange) of about 8 to 21 
mol m-2 for forests (Saari 2003, Wang et 
al. 2004, Zha et al. 2004), and of -5 to 6 
mol m-2 for mires (Alm et al. 1997, 1999b, 
Saarnio et al. 2003). If the net CO2 release 
of 6 mol m-2 yr-1 from L. Mekrijärvi is 
used as an estimate for lakes, and the me-
dian flux values for terrestrial ecosystems, 
and these specific rates are then applied to 
landscape proportions realistic for the 
Mekrijärvi region before human perturba-
tion (50 % forests, 40% pristine mires, and 
10% lakes), the simulated CO2 efflux from 
lakes could reduce the annual net influx of 
carbon gases in the landscape by about 
10%. Under dry conditions, the terrestrial 
NEE would be reduced both in boreal for-
ests and mires (Alm et al. 1999b, Wang et 
al. 2004), and thus the simulated contribu-
tion of lakes could be proportionally lar-
ger. Furthermore, terrestrial DOC export to 
the surface water may equal or even ex-
ceed the long-term annual accumulation of 
organic carbon in a forest or peatland eco-
system, as has been shown for temperate 
catchments (Cole & Caraco 2001, Billett et 
al. 2004). The average long term carbon 
accumulation is estimated to be 0.2 mol  
m-2 yr-1 for Finnish forest soils (Liski 
1997) and 1.0–1.7 mol m-2 yr-1 for boreal 
and subarctic pristine mires (Turunen 
2003). Thus, theoretically, the CO2 efflux 
from the study lakes (2.7–6 mol m-2 yr-1, 
Huttunen et al. 2003b, I, II, III) counter-
balances the annual carbon accumulation 
rate in a forested catchment 11–25 times, 
or in a mire catchment 2–6 times as large 
as the lakes. 
 
3.5.2 Littoral carbon gas exchange in a 
changing environment 
 
Global change scenarios developed for 
Finland on the basis of different general 
circulation models show an increase of 
2.4–7.4 °C in the annual temperature, and 
an increase of 6–37% in the annual pre-
cipitation by the year 2080 (Jylhä et al. 
2004). Globally, the minimum air tempera-
tures have increased twice the rate of 
maximum temperatures, which has length-
ened the freeze-free period in many mid-
high latitude regions (Houghton et al. 
2001). The changes in temperature and 
precipitation are predicted to be largest in 
winter. 
A change in the winter climate is likely 
to have a strong impact on annual carbon 
gas fluxes in lakes and their littoral zone. 
Duration of the ice cover in the Northern 
Hemisphere has already shortened by an 
average of two weeks in 100 years, with 
equal rates for ice-on and ice-off dates 
(Magnuson et al. 2000). The estimated in-
crease in winter air temperatures, e.g. for 
Finland of 4–11°C by 2080 (Jylhä et al. 
2004), would further shorten the duration 
of the persistent snow and ice cover 
(Magnuson et al. 2000), whereas the esti-
mated increased precipitation if deposited 
as snow would delay ice-break-up (Vavrus 
et al. 1996), thus partly offsetting the effect 
of warming in spring. Interestingly, the last 
50-year records of ice-on and ice-off dates 
for L. Mekrijärvi also indicate that the du-
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 ration of the ice cover has shortened by an 
average of 3 days in a decade, until re-
cently mainly due to the later freezing of 
the lake (Fig. 10, 1956–2005 data from 
Mekrijärvi Research Station). Shortening 
of the period of ice cover may improve the 
oxygen conditions in the water and favour 
pelagic CH4 oxidation (Huttunen et al. 
2001). As plant-mediated release from a 
narrow shore line area is the major path-
way in the winter CH4 efflux, the overall 
reduction in lake-wide release may be 
small in lakes with extensive littoral vege-
tation (III). However, snowless winters, 
estimated to be dominant in Southern 
Finland after the year 2100 (Vehviläinen & 
Huttunen 1997), could actually lead to 
colder temperatures and deeper freezing in 
the sediment of eulittoral subzones as the 
lack of insulating snow cover reduces tem-
peratures. Thus winter CO2 and CH4 pro-
duction would decrease or gas release 
would shift to later in the spring. If less 
snow resulted in a higher frequency of 
freeze-thaw events, then winter emissions 
could be larger with a warmer climate 
(Bubier et al. 2002). 
In spring, warmer air temperatures 
have already resulted in an earlier onset of 
the growing season, especially in the 
Northern latitudes. For example, there has 
been a shift in the earlier onset of 
phenological events by an average of 5.5 
days per decade for graminoid species in 
the past 100 years (Root et al. 2003). Thus, 
photosynthesis and gross ecosystem CO2 
uptake could benefit from warmer spring 
temperatures. In the spring the onset of the 
growth of aquatic plants such as Phrag-
mites australis with perennating organs 
buried in the sediment, is determined by 
temperature rather than by day length 
(Clevering et al. 2001). In a warmer world, 
however, the growing season may in fact 
not be longer as not all plants are able to 
utilize the warmer conditions late in the 
summer. This is because the onset of se-
nescence can be determined by tempera-
ture, day length or by a finite growing pe 
riod, and thus, the driving forces at the end  
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Figure 10. The 20-year running average of 
the duration of the ice cover period in L. 
Mekrijärvi. The average changes in the pe-
riod because of autumn ice-on and spring 
ice-off are also shown. The value for each 
year refers to the average for the 20-year 
period ending by that year. Data for 1956–
2005 were obtained from the Mekrijärvi 
Research Station. 
 
 
of the growing season will affect the sensi-
tivity of gross photosynthesis to climate 
change (van Wijk et al. 2003). Later freez-
ing of lakes implies increased respiration 
later in the autumn which may cancel out 
the carbon gain caused by increased 
growth. 
As the open water period lengthens the 
period of summer stratification may be 
longer and oxygen conditions worse in the 
hypolimnion of the lakes. In turn, reduced 
conditions favour internal phosphorus 
loading, which can maintain a high pro-
ductivity and stabilize eutrophication. For 
example, Reed-Anderson et al. (2000) es-
timated for a eutrophic lake that, due to 
internal loading the amount of phosphorus 
available for algae after 50 years would be 
equal to the present pool even if the littoral 
zone retained 50% more phosphorus in re-
sponse to implemented management of the 
catchment load. Thus, if the supply of po-
tentially limiting macronutrient enhanced 
production in the littoral zone, there could 
be an overall net increase in the productiv-
ity of the lake and subsequently in associ-
ated CO2 and CH4 release. Warmer tem-
peratures and a potential nutrient supply 
from internal loading or the catchment may 
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 shift the dominance in primary producers 
from submerged benthic communities to 
pelagic planktic communities (McGowan 
et al. 2005). More cloudy conditions may, 
in turn, limit the pelagic photosynthesis in 
eutrophic lakes due to reduced light condi-
tions (Carpenter 1992). Thus, littoral 
emergent macrophytes may predominate in 
primary production when nutrient input 
rates are high (Carpenter et al. 1998). 
Natural infilling processes and erosion 
from the catchment also lead to shallowing 
of the lakes and expansion of the littoral 
zone (Hannon & Gaillard 1997, Pajunen 
2004). Increased macrophyte colonisation 
thereby leads to greater organic loads on 
the littoral area (Anderson 1990). Littoral 
macrophyte beds are likely to enhance 
sediment deposition in shallow water. Ac-
cumulation of macrophyte detritus further 
limits the growth of submerged macro-
phytes and hastens the transition to emer-
gent vegetation that is more tolerant of or-
ganic-rich sediments (Barko & Smart 
1983). In shallow lakes with extensive lit-
toral vegetation, photosynthesis of emer-
gent macrophytes intensifies the gross up-
take of atmospheric CO2 per unit lake area 
and the establishment of a Sphagnum cover 
in littoral wetlands impedes the return of 
carbon to the atmosphere (IV). 
Where warming is strong enough to 
rise winter temperatures above zero, owing 
to the increase both in snowmelt and in 
precipitation as rain, winter floods will be-
come more common but the present high 
spring discharge due to snowmelt will di-
minish or even disappear (Vehviläinen & 
Huttunen 1997). The outflow of water 
from catchments is modified by the re-
sponses of terrestrial vegetation to changes 
in temperature and precipitation that is re-
flected e.g. in altered evapotranspiration. 
Therefore, increased precipitation in the 
winter when plants are dormant is likely to 
increase outflow from the catchment (Band 
et al. 1996). However, the responses of 
catchments of different size and position in 
the landscape may not be consistent. In the 
absence of evaporation, the maximum wa-
ter level of the winter flood may exceed 
the present one in spring, and be most pro-
nounced in central lakes of watersheds, 
like the studied L. Heposelkä and L. Py-
häselkä. In contrast, water levels in up-
stream lakes during winter and spring are 
predicted to be more even (Vehviläinen & 
Huttunen 1997). Paleoclimatological mod-
els suggest that changes in winter precipi-
tation especially would be the main driver 
of lake water level fluctuations rather than 
temperature (Vassiljev et al. 1998). How-
ever, in some lake-rich regions the increase 
in summertime soil and lake evaporation 
will reduce the summer discharge by up to 
45%, and lower the water levels in lakes 
(Vehviläinen & Huttunen 1997). 
More extreme water level fluctuations 
will increase the areal extent of the zones 
of intensive biogeochemical activity at the 
land-water interface. Furthermore, water 
level fluctuations control colonisation and 
the species composition of the littoral plant 
communities (Carpenter 1992). Even so, 
the gross photosynthetic capacity or the 
response of ecosystem respiration to tem-
perature as such may be resilient to the 
shift in dominant emergent plant species. 
In the Phragmites stand, the midsummer 
gross photosynthesis, normalized to the 
aboveground biomass (0.7 mmol CO2 
fixed h-1g-1 dry weight), was similar to that 
in the Carex stands. The temperature de-
pendence of ecosystem respiration normal-
ized to shoot density was also similar 
among all the littoral sites (I, II). In con-
trast, net CO2 exchange could be altered by 
changes in the species-specific growth pe-
riod, biomass production and its partition-
ing to root and shoot and subsequent litter 
supply for decomposition. Both more ex-
treme water level fluctuations and altered 
timing of spring flood can change primary 
productivity in the littoral zone. The ex-
treme water level fluctuations could favour 
species with a wide tolerance to water 
level such as Carex spp. These species tol-
erate a high spring flood, but a narrowed 
fluctuation in summer water levels is det-
rimental to them. Winter floods and more 
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 common lower spring floods could, in turn, 
favour the expansion of Phragmites stands 
lakeward, as has been observed in regu-
lated lakes (Hellsten 2000). In shallow wa-
ter, Phragmites australis may allocate 
more biomass to the rhizomes than shoots 
compared to in deep water (Vretare et al. 
2001) and this could favour a proportion-
ally large input of labile organic matter 
into the anoxic littoral sediment and subse-
quent production of CH4 and CO2. 
 
4 CONCLUSIONS  
 
On the basis of this small set of boreal 
lakes, the littoral net CO2 flux to the at-
mosphere constitutes a minor component 
of NEE in the landscape scale. In regional 
estimates, including lakes and their catch-
ments, the variation resulting from a net 
CO2 influx or efflux in the vegetated litto-
ral zone could be similar to the areal extent 
of these habitats, i.e. around a few percent 
of the landscape. Therefore, it seems that 
more accurate information about the size 
and depth distributions of lake populations 
would, in many cases, be sufficient to im-
plicitly cover the littoral contribution to 
lake-wide CO2 fluxes. One interesting is-
sue, however, would be to explicitly quan-
tify the indirect contribution of littoral CO2 
dynamics to the carbon gas efflux from 
boreal lakes. Here, the spatial pattern and 
the large-interannual differences in ecosys-
tem CO2 flux to the atmosphere, as well as 
the variation in the litter decomposition 
rates in the sediment, implied a littoral in-
fluence on pelagic carbon fluxes. Small 
changes in the conditions favouring pro-
duction or decomposition could result in 
large shifts in net ecosystem productivity, 
suggesting that carbon cycling in the litto-
ral zone is sensitive to a changing climate. 
Climate induced changes in hydrology are 
likely to be predominant regulators of the 
carbon fluxes in littoral wetlands. Most of 
the changes induced by winter climate and 
subsequent spring flooding are likely to 
increase the efflux of CO2 and CH4. 
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